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Abstract

With their ability to recognize and eliminate virus-infected
and neoplastic cells, natural killer cells (NK-cells) represent
an important part of the innate immune system. NK-cells have
attracted the attention of exercise scientists for more than
thirty years ago. To date, it is widely accepted that NK-cell
counts in the peripheral blood are strongly influenced by
acute exercise. Additionally, many studies reported effects of
both, acute and chronic exercise on NK-cell cytotoxicity.
However, these findings are contradictory. The inconsistence
in findings may be argued with different exercise paradigms
(type, duration, intensity). Moreover, strongly varying
methods were used to detect NK-cell cytotoxicity. This review
gives an overview of studies, investigating the impact of acute
and chronic exercise on NK-cell cytotoxicity in young and old
healthy adults, as well as on specific populations, such as
cancer patients. Furthermore, different methodological
approaches to assess NK-cell cytotoxicity are critically dis-
cussed to state on inconsistent study results and to give per-
spectives for further research in this field.
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Introduction

Natural killer cells (NK-cells) are part of the innate cellular
immune system and have the ability to recognize and elimi-
nate tumor- and virus-infected cells as well as parasites and
some types of bacteria.

NK-cells belong to the lymphocytes and its phenotype
(CD56", CD3") is defined by expression of CD56 and lack of
CD3 which is a T-cell surface marker. There are two subpopu-
lations of NK-cells. The first subset is referred to as
CD356bright NK-cells due to their high-density surface expres-
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sion of CD56. They display a low cytotoxic capacity and a
high secretion rate of cytokines in response to activation.
CD56bright NK-cells represent the minority of the NK-cells
and occur mainly in secondary lymphoid tissues (SLT).
CD56dim NK-cells represent the majority of the NK-cells in
blood (about 90%), spleen, and bone marrow. The amount of
CD56 is lower on their surface. However, they characterized
by a high cytotoxic capacity (10, 14, 70).

After recognizing and binding to the target cells, NK-cells
release a diversity of cytokines, such as interferon-gamma
(IFN-y), tumor growth factor-beta (TGF-f) and interleukin-10
(IL-10) (13, 14, 16). Additionally, they secrete cytotoxic
agents such as perforin and granzyme B which are released
from cytolytic granules by directed exocytosis (28). IFN-y
increases the activity of other NK cells and activates the
innate and adaptive immune system by the stimulation of
macrophages and enhancing the cytotoxicity of CD8* T-lym-
phocytes(61). TGF-B and IL-10 are immune regulators and
have the ability to suppress the immune system.

The activation of NK-cell effector function is regulated by
the balance of activating (e.g. CD16, KIR2DS, NCRs,
NKG2D, NKp30) and inactivating (e.g. certain KIR recep-
tors, KLRG1, NKR-P1, NKG2A) signals of cell surface
receptors, recognizing structures of high molecular weight
(38).

NK-cells have attracted the attention of exercise scientists
more than 30 years ago. Several studies have shown that
absolute and relative NK-cell counts in peripheral blood are
strongly influenced by acute physical exercise. Increased NK-
cell numbers immediately after cessation of exercise have
commonly been reported (69). Depending on the exercise
regime (type, duration, intensity), a decrease of NK-cell num-
bers has been described after a delay of at least 15-30 minutes.
This decrease can persist more than 24 hours.

More recent studies have revealed that NK-cell subsets dif-
ferentially respond to exercise stimuli. Evidence suggests that
NK-cells are mobilized from the spleen into circulation by
epinephrine dependent B-adrenergic signaling (42). As report-
ed by Dimitrov and colleagues, this mobilization primarily
affects cytotoxic (CD564dim ) NK-cells and is driven by a spe-
cific expression of the cell surface markers CD11la and
CX3CRI1 (15). The knowledge about the redistribution of
NK-cells after a delay of exercise is still sparse. Exercise-
induced muscle-derived IL-6 was proposed to promote NK-
cell infiltration in tumor tissue (53).

Since increased physical activity levels improve survival
rates in several neoplastic diseases (51) and elevated NK-cell



numbers in tumor tissue are associated with a better prognosis
(18, 19, 58), NK-cells became one promising target to explain
the positive effect of exercise on cancer patients’ survival.
Furthermore, it was hypothesized that an exercise-induced
enrichment of NK-cells could be used for an isolation of these
cells in view of further immunotherapeutic strategies (e. g.
transplantation) (3).

Besides the intermediate exercise-induced alterations in
NK-cell counts, many studies have reported acute and chronic
functional changes of NK-cells in response to exercise. How-
ever, the results of these studies are inconsistent. In this
review a distinction was made between acute effects (single
bouts of exercise) and chronic effects (interventions) of exer-
cise on NK-cell cytotoxicity (NKCA) in different populations
(young healthy adults, older healthy adults, patient popula-
tions). Furthermore, the results of these studies will be dis-
cussed against the background of different methodological
approaches for detecting NKCA and their translational/clini-
cal relevance.

Search results

N=1263
Screening of titles and abstracts regarding
search criteria:
—
Irrelevant studies: n=1204
\ 4

Studies selected for full
text analysis:

n=59
Exclusion of irrelvant studies after full text
analysis:
—> y
n= 14 (reviews, no exercise)
\ 4

Studies fitting into search criteria:

n=45

Acute exercise, n=26 Chronic exercise, n=19

Young healthy participants Young healthy participants (n=8)

(n=17) 2RCT
7RCT 6CT
10 NCT

Old healthy participants (n=6)
Old healthy participants (n=3) 3RCT

2CT 2CT

1NCT 1 cross sectional study

Diseased participants (n=6) Diseased participants (n=5)

3CT 3 RCT
3 NCT 1NCT
1cT

Figure 1: Literature search and results
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Methods

A literature search was performed in Pubmed in April 2016.
Titles and abstracts were retrieved and screened by three inde-
pendent reviewers (MK, AS, PZ). The search strategy consist-
ed of a combination of database-specific MeSH terms, free
text, and Boolean operators (“AND”, “OR”, “NOT”). The
detailed search strategy was performed with the following
words: exercise, physical activity, sport, training, natural
killer cells, NK-cells, cytotoxicity, cytotoxic, natural killer
cell cytotoxic activity, cytolytic activity, NKCA, NK cell
function.

Studies were defined as being either randomized controlled
trial (RCT), controlled trial (CT), non-controlled trial (NCT),
or cross-sectional (observational) study.

Acute exercise was defined as a single bout of exercise fol-
lowed by assessment of immunological parameters. Chronic
exercise was repeatedly performed in the context of an exer-
cise intervention program. Studies on both, acute and chronic
exercise employed different types of participants that have
been divided into three groups (young and healthy; old and
healthy; not healthy). The programs are shortly described by
duration, intensity and type of exercise. Moreover, the meth-
ods of NKCA determination, the measurements time-points,
the outcomes as well as the results are summarized in table 1
and 2.

Results

An overview of literature search and results is given in figure 1.

Acute exercise

Regarding acute exercise 26 studies including 502 partici-
pants were selected for analysis. Subjects participated in
seven RCTs (157 participants), fourteen NCTs (196 partici-
pants) and five CTs (149 participants).

Gannon et al. (20) showed an increased NKCA after mod-
erate cycling at 65% VO,peak that returned to baseline levels
two hours after cessation of cycling. Similar results were
reported by other studies using endurance exercise intensities
of 50-90% VO,peak and durations of 20-120 minutes (8, 36,
37, 48, 50, 63, 64). Strasner et al. (64) demonstrated an
increasing NKCA in high intensity aerobic exercise (80%
VO,max) compared to moderate exercise (40% VO,max).
These results are in line with those of Nieman et al. (48) who
reported a more pronounced increase of NKCA after intensive
endurance exercise (80% VO,max) compared to moderate
endurance exercise (50% VO,max).

Similar to many other studies (37, 40, 43, 50, 52), Shek et
al. (63)determined an increasing number of NK-cells immedi-
ately after cessation of exercise. While all studies mentioned
before used aerobic exercise, Lee et al. (29) applicated Qi-
training and found no exercise-induced changes in NK-cell
counts. Strasner et al. (64) investigated different intensities
and revealed an increase of NK-cell counts after high intensity
endurance exercise but not after moderate endurance exercise.

Nieman et al. (48) adjusted the NKCA on a per cell level
(NKCApC) and showed a significantly increased NKCApC
two hours after recovery of high intensive treadmill running.
In contrast Lee et al. (29) showed an increased NKCApC
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immediately after Qi-training which returned to the baseline
after two hours. Despite these contrary results, other studies
found no impact of exercise on NKCApC (20, 37, 50, 64).

Comparing NKCA in old and younger subjects, the results
of Woods et al. (75) did not indicate any difference in
response to exercise. Ogawa et al. (50) also measured no dif-
ferences in NKCA and NKCApC but a higher increase of NK-
cell counts in elderly untrained subjects after exercise.

Few studies investigated the influence of exercise on
patients with specific diseases. Yamanka et al. (77) indicated
difference between patients with cervical spinal cord injury
(CSCI) and healthy subjects. The patients with CSCI had a
constant NKCA during the study in contrast to the able-bodied
persons with an increased NKCA immediately after exercise
on an arm-crank ergometer. In contrast, Ueta et al. (66) men-
tioned a decreasing NKCA in patients with spinal cord injury
and no difference in NK-cell counts. Furthermore, Furusawa
et al. (19) demonstrated a decreasing NKCA after a wheel-
chair marathon.

Ullum et al. (67) compared HIV+ patients with healthy con-
trols and identified an impaired mobilization of NK-cells and
less lysis of target cells in HIV+ patients after exercise. Boas et
al. (8) compared NK-cell counts and NKCA in patients with
cystic fibrosis and healthy control subjects. After exercise to
exhaustion on a bicycle ergometer, NK-cell counts increased
in both groups but were significantly higher in the healthy con-
trol group. Similar results were reported for NKCA.

Chronic exercise

Regarding chronic exercise 19 studies including 781 partici-
pants were selected for analysis. Eight studies were character-
ized as RCTs (335 participants), nine studies as CTs (380 par-
ticipants), one as cross sectional study (42 participants) and
one as NCT (24 participants).

Moro-Garcia et al. (39) showed increased NK-cell counts
and a higher NKCA in athletes compared to non-athletes. In
line with these results, Pedersen et al. (51) described higher
NKCA in trained subjects compared to sedentary controls.
Moreover, Nieman et al. (44) reported elevated NKCA in
marathon runners in comparison to sedentary controls, but no
differences in NK cell counts. Nieman and colleagues repro-
duced these results in another study comprising of a 15 week
supervised walking program (49). Suzui et al. (65) showed an
increase of CD56bright NK -cells during as well as at the end of
one month of volleyball training with a decreased NKCA dur-
ing training. Nevertheless, Roberts et al. (58) found no
changes in NK-cell counts, as well as NKCA and NKCApC.

Oppositional to studies including healthy young subjects,
most studies with healthy elderly participants did not indicate
an influence of exercise on NKCA (11, 46, 55, 56). Nieman et
al. (46) revealed an increased NKCA in women with a good
physical constitution compared to sedentary controls. Howev-
er, NKCA of sedentary women did not increase after a twelve
week training program. Woods et al. (74) and McFarlin et al.
(33) showed an increase of NKCA after a six month aerobic
exercise program and a ten week resistance training, respec-
tively. Rincon et al. (57) investigated frail elderly participants
and reported an increase in NKCApC after a three month
exercise intervention.

Fairy et al. (18) and Peters et al. (54) performed a 15 week
and seven month cycling program with breast cancer sur-
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vivors and found an increase of NKCA after the intervention.
Unlike these results Nieman et al. (45) found no influence on
NK-cell counts and NKCA after an eight week exercise inter-
vention with moderate weight training and aerobic exercise in
a comparable population. Na et al. (41)described an increased
NKCA in stomach cancer patients which exercised until 14
days post-surgery. Hagstrom et al. (22) conducted 16 week
resistance training with breast cancer patients. The authors did
not report any changes of CD107a, a marker for degranulation
on NK-cells.

Discussion

Impact of exercise on NKCA

In contrast to the commonly reported blood kinetics of NK-
cell counts in response to acute exercise, including an increase
immediately after cessation as well as a decrease for up to 48
hours, depending on type, duration and intensity of the exer-
cise session (69), data on NKCA are inconsistent. A tendency
could be stated in favor of increased NKCA after more intense
aerobic exercise (48, 64). However, such conclusions are
restricted by a number of methodological limitations which
are discussed in the “methodological issue” section. A poten-
tial explanation for the reported increased NKCA immediately
after cessation of more intense aerobic exercise could be
argued by the epinephrine driven increase in circulating
CD56dim (15). Indeed, epinephrine levels have been described
to increase with aerobic exercise intensity and persist until 15
minutes after cessation (26). In contrast, epinephrine has also
been reported to decrease NKCA in vivo, ex vivo as well as in
vitro (35, 59). Additionally, epinephrine is known to primarily
mobilize NK-cell subsets with a low expression of the activat-
ing receptor NKG2D (3). However, our own research sug-
gests that NKG2D expression increased after prolonged aero-
bic exercise (79).

Besides epinephrine, other stress related factors such as
cortisol and prostaglandins (PGE,) (12), which are also
increased during and after aerobic exercise (27, 31, 62), are
associated with a reduced NKCA (35). Against this backdrop,
the complex kinetics of catecholamines, prostaglandins and
glucocorticoids which differ during and after various exercise
modalities should be considered in further studies investigat-
ing the influence of acute exercise on NKCA. Finally, it is
worth mentioning that NK-cells which are collected from
blood during or after acute exercise do not necessarily display
the NK-cell proportion which is mobilized and especially
migrated in the tissue to eliminate neoplastic or virus infected
cells. Although speculative, it might be possible that NKCA of
NK-cells which have migrated from the blood stream in dif-
ferent tissues in the following 24 hours after cessation of exer-
cise are influenced by several other (local) factors and are
completely independent from the known as “stress hor-
mones”. In view of the physical fitness level, studies unani-
mously revealed elevated NKCA in subjects with a good
physical constitution (39, 44, 46, 51, 58). Although Nieman
and colleagues (44) showed that physical fitness does not
affect NK-cell counts, NKCA might also be influenced by the
distribution of NK-cell subsets. More precisely, if physical fit
subjects would indicate higher proportions of CD56dim NK-
cells, this would result in an increased NKCA(65).
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In view of chronic exercise interventions, results are con-
tradictory. The heterogeneity in results could also be argued
by alterations in “stress hormones”. Chronic alteration in
baseline levels and differences in the response to acute exer-
cise after training periods in catecholamine-, prostaglandin-
and glucocorticoid levels have been reported in several stud-
ies with healthy subjects (9, 32, 80). For example, regular
exercise is known to reduce resting glucocorticoid- and cate-
cholamine levels. Therefore, decreased levels of these agents
which can be found in subjects with a good physical constitu-
tion or after a specific exercise intervention could explain an
improved NKCA although the proportion of CD56bright may
increase (65). When investigating clinical populations, it
should be kept in mind that baseline levels and responses to
exercise of the named factors are further influenced by sever-
al diseases (17, 80). As already mentioned for acute effects of
exercise, these factors should be investigated as mediators of
alterations in fitness/training-induced NKCA as well.

Methodological issues

Regarding functional NK-cell assessments several approaches
have been described. The NK cell function was commonly
tested by measuring the NK-cell cytotoxic activity (NKCA),
NK cell count and NKCA per cell. Cytotoxic activity assays
were frequently performed by mixing either peripheral blood
mononuclear cells (PBMC) or isolated NK cells with a target
cell line (leukemia cell line K562 in most cases). The percent-
age of target cell lysis was frequently measured with 51Cr
release assay detecting the radioactivity in the samples super-
natant (47, 50, 67). However, newer studies utilized non-
radioactive agent like Annexin V which was determined by
flow cytometry (25). Some research groups had concerns
about K562 as a HLA-deficient target cell line. Therefore they
used further cell lines with different surface expression pat-
terns like Daudi cells, MT2, U266, RPMI-8226, 721.221, and
221 AEH (4,75, 77).

Other studies assess the NKCA without counting killed tar-
get cells, but by measuring the amount of perforin, granzyme
B, IFN- v, and the NK-target-cell-binding via flow cytometry
(73). Further indirect measurements can complete the evalua-
tion of NK cells. The differentiation marker CD57 can be used
as target for flow cytometry. CD57 expression is induced on
CD56dim NK cells after activation by IL-2. CD57+
CD564imNK -cells are considered to be terminally differentiat-
ed and mature. They are characterized by poor cytokine-medi-
ated proliferation, a higher sensitivity to stimulation via CD16
and higher cytotoxicity (30). Moreover, the lysosomal-associ-
ated membrane protein-1 (LAMP-1 or CD107a) was reported
as marker of NK-cell cytolytic activity. Its surface expression
was increased by engaging MHC devoid targets and its
expression levels correlated with both, cytokine secretion and
lysis of target cells. However, a large NK-cell subset did
express CD107a while it did not secrete cytokines. Therefore,
it was suggested that CD107a could be used as marker of NK-
cell activity and identification of a large degranulation frac-
tion of activated NK-cells (1).

As pointed out in table 1 and table 2 several different
approaches have been used to assess NKCA. Against this
background, results of studies are hardly comparable. NKCA
was frequently measured using PBMCs (4-7, 11, 18-20, 29,
41, 43-49, 51, 55, 56, 58, 63—66, 72, 74, 75, 77) whereas
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other studies incubate tumor cells with whole blood samples
(33, 34, 36, 39, 40, 57, 57). These approaches have some
major limitations. First, both methods include other cells than
NK-cells with tumor-competitive properties, such as cytotoxic
T-cells. Therefore, statements on specific functional changes
of NKCA are restricted. Second, the use of whole blood sam-
ples comprises various other agents, such as cytokines and
hormones which may influence the target cells itself. Howev-
er, Gotlieb and colleagues suggest that in vitro and ex vivo
assays usually lead to an overestimation regarding the report-
ed “stress hormone” induced suppression of NKCA (21). The
authors propose that further research should use whole blood
sample approaches, arguing that such attempts reflect the in
vivo situation more precisely. We absolutely agree with this
opinion. Nevertheless, one should keep in mind that incubat-
ing tumor cells with whole blood samples does not represent
the in vivo situation (tumormicromilieu) as well.

Third, it is worth to mention that NKCA should be quanti-
fied on a per cell level. This is relevant since NK-cell numbers
can strongly vary between pre- and post-exercise conditions.
Just in a few studies NK-cells were isolated (e. g. by magnetic
beads) to detect cytotoxicity (25, 37, 54, 71, 73). To minimize
NK-cell-specific alterations, a negative selection is strongly
recommended.

Furthermore, studies showed that NK-cell subset distribu-
tion is influenced by both, acute and chronic exercise (25, 65,
72). Since NK-cell subsets display different cytotoxic poten-
tials, changes in these fractions should also be considered
when analyzing NKCA.

Another issue, which might be of clinical relevance, is the
type of tumor cells which is used as target for detecting
NKCA. Especially in clinical studies with cancer patients, e.
g. breast cancer, it would make sense to measure NKCA
against a breast cancer cell line, whereas using the leukemia
cell line K562 is of inferior interest (with the exception of the
genesis of secondary neoplastic burdens). This issue becomes
even more important since first studies have shown that
NKCA depends on the type of target cells (e. g. nasopharyn-
geal carcinoma cells (71-73), Daudi (75), U266 (4, 5), RPMI-
8226 (4, 5), 721.221 (4, 5), 221AEH (4, 5) or T-cell leukemia
cell line MT2 (19, 66, 77)).

Some studies determined NKCA by measuring the amount
of perforin, granzyme B, IFN-y and the NK-target-cell-bind-
ing via flow cytometry (73). To get more knowledge about the
mechanistic underpinnings, a combination of both direct and
indirect methods seems to be a promising strategy for further
research. In addition, the expression of activating and inhibit-
ing NK-cell-receptors should be taken into account. Exercise
has been described to alter NK-cell receptor expression (79).
Therefore, changes in NK-cell target killing might not be rea-
soned by in- or decreased levels of cytotoxic agents, but by a
modification of surface receptor expression.

Finally, acute effects of NKCA can persist longer than 24
hours (63). Therefore, measurement time points in studies
investigating chronic effects of exercise should be chosen
carefully (measurements up to 24 hours after the last training
session might still display acute effects).

Due to heterogeneous methods, strongly varying exercise
interventions and measurement time points, we decided that
quantitative analysis (meta-analysis) does not make sense so
far.
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Although the significance of current literature on the influ-
ence of exercise on NKCA is restricted and needs further
approval, there is evidence that at least some positive effects,
such as an improved defense against neoplastic cells is based
on NK-cell mobilization and activation (53). In fact, increased
NK-cell numbers in tumor tissue are associated with
improved prognosis in different cancer species (23, 24, 68).
Moreover, exercise is known to have preventive effects
regarding cancer risk and to reduce cancer specific mortality
(2, 60, 76, 78). Therefore, research on NK-cells in the context
of exercise and cancer was and will be a highly relevant topic
for further investigations.

Conclusion

In summary, at least some exercise/training modalities seem
to impact NKCA. As potential mediators of these effects, the
role of catecholamines, prostaglandins as well as glucocorti-
coids warrants further investigation. On a molecular level,
epigenetic alterations might be involved in functional changes
of NK-cells. Currently, exercise studies on NKCA are hard to
compare since different exercise regimes (type, duration,
intensity, and frequency) were used. Varying measurement
time points as well as the use of different methods to assess
NKCA delimitate the comparability of the studies. Independ-
ently of the methods which will be used to detect NKCA in
the future, an additional characterization of NK-cell subsets as
well as the assessment of potential mediators (e. g. epineph-
rine, cortisol) is strongly recommended. Further research is
needed to clearly identify the impact of exercise on NKCA.
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